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Abstract

Desorption of an adatom from a solid surface through vibrational

excitation by an IR laser is studied using a generalized master equation

approach and the isomnesic approximation. A sharp transition from no

desorption to almost instantaneous desorption is seen as the bound-to-

continuum population transfer rate is varied. The critical rate increases

linearly with laser power.
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I. Introduction

In the field of laser-stimulated surface processes (LSSP), desorption is the

most commonly studied phenomenon. As demonstrated in a number of

experiments, 1 "3 the desorption cross section can be measured unequivocally,

albeit with some difficulty. One aspect of these experiments which is

especially significant is the strong dependence of the desorption signal on the

laser frequency. The control that this selectivity gives us In directing the

course of chemical reactions on a solid surface holds the promise of

establishing a totally new kind of chemistry. However, not only is there a

shortage of well-characterized laser-desorption experiments, but also a clear

understanding of the detailed mechanisms responsible for the selectivity has been

lacking. The reader is referred to recent reviews for details. 3 5

The aim of our early work on LSSP 4-7 was to delineate the coarse features of

the phenomena involved. Using models In which the adspecies (a molecule)

vibrated in the attractive region of a surface potential, the degree of

selectivity was shown to depend on the anharmniclty of the potential and the

mismatch between the laser frequency wL and the fundamental vibrational

frequency wA of the adspecies in the adsorption potential. In addition, the

existence of energy feedback was made plausible. 6 Thus, assuming that the laser

photons were absorbed directly by a so-called Internal active mode A of the

molecule, which, in turn, was coupled to sink modes 5 (other modes of the

molecule and phonon modes of the solid), energy was shown to return from S to A

on a short time scale for specific ranges of laser power and system parameters.

While this could be rationalized in terms of a slow energy dissipation rate

inside the solid, leading to local buildup in the vicinity of the adsorbed

molecule, it was not possible to distinguish specific echanisms within that

phenomenolog Ical framework.
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More mechanistic approaches have subsequently been adopted, generally
8

based on Morse potentials for the adspecies. Mechanisms for desorption based

on pumping by internal mode excitation of the adsorbed molecule and tunnelling

between degenerate bound and continuum levels of the adspecies have explained

some features of the experimental results. In an attempt to isolate the

conditions for, and onset of, selectivity, we have presented a time-dependent

approach. Phenomenological time-independent coupling constants are replaced by

time-dependent memory kernels, and time averages are supplanted by temporally

varying distribution functions. So far, energy transfer has been studied in the

absence of a desorption channel, but selective absorption has been confirmed for

vanishing sismatch wiL - WA. In these first-principles quantum mechanical

treatments, aA is represented by a transition frequency wSS , (where S and S' are

vibrational quantum numbers of stationary states of the adsorption potential)

closest to wL. Furthermore, the time-dependent profile of the average

vibrational energy of the adsorptive bond (the adbond) shows an initial strong

increase followed by a pronounced minimum and, subsequently, another Increase.1

The decrease leading to the minimum t due to energy transfer to the bulk

phonons; and the subsequent increase Is due to feedback from the phonona to the

adbond. In this paper, desorption is considered In the form of a transition

from an excited bound state of the adsorption potential to the continuum. The

resulting formlis, is found to depart insignificantly from that of our previous

work 11-i In terms of interpretive power. Vithout reoourse to massive computer

calculations, it Is possible to obtain tim-dependent probability and energy

profiles within the isonnesic approximation. Details of the desorption

formalism are presented in Section 111, which follows a brier summary of the

time-dependent theory of vibrational energy transfer between an adatom, a solid

and an IR laser in Section Il. Results are presented and disoussed In

Section IV.



II. Theory of Vibrational Energy Transfer Between a Laser, an Adspecies and

Bulk Phonons
11-13

The essential elements of this theory are: (1) a specific partitioning

of the Hamiltonian of the system consisting ot atoms adsorbed on a solid surface

In the presence of radiation from an IR laser; (G) generation of a closed form

for the time-dependent me-iory kernels % t) and Csr,(t) representing the

dynamical contributions of the adbond-phonon and adbond-radiation interactions,

respectively; (it) solution of Liouville's equation using the projection

operator technique, which leads to the generalized master equation (ON'E)

S(t) - S ,Ift dt'[KSs,(t - t') Ps,(t') - KssCt - t') Ps(t')] , (1)

where P st) is the probability of finding the adbond in the state IS> of an

effective potential, and

K--.(t) (p) (r) (2)
Kss,(t) SS, , t)

-p( r)t)a

and finally (iv) approximating K(P)(t) as a delta function and K() M as a

constant to give the isoinesic approiatiton, allowing closed-form solutions of

the GE.

The special proertles of laser radiation are emphasized by taking a three-

level system, I8>wjc , 1) , 13) . one of whose transitions Is resonant with

the laser, and another equal to the Dobye frequency for the phonons (Fig. 1 ).

For this case, applioation of the Lplace transform method to the CHIC leads to a
22,13

third-order polynomial equation. In the absence of desorption, the total

bound-state probability is seen to be oonserved, and a steady state is

eventually achieved.

.. .... . . ... "'" nn II II ii r 'S - l
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1I1. Desorption

Desorption corresponds to transfer of population from the manifold of bound

levels of the adsorption potential to the continuum. We introduce a

phenomenological constant transition rate R from the highest bound level IQ>

attainable through the combination of resonant laser and phonon excitations, to

continuum states lic. In our case, 1> - 13>. As a result we must Include an

extra term -RP (t) in the GME for P (t), so that

(t) I ft dt'[Kss,(t - t') Ps,(t') - KS,s(t - t') Ps(t')) , SAO (3)

and
t t ~ f t' t

0 ( t )  ft dt'[K0s,(t - t') Ps,(t1) - KSI(t - t) P (t RP(t) -()

In the isomnesic approximation, we replace Eq.(2) by

Kss,(t) - 2SS,6(t) + kSs, , (5)

were 5 5 . and kss, are constants In time. We can write, for all S,

t ttd
s(t) - at I ss S O dt' Ps,(t') - ks,S O dt' Ps( t')S'fS

+ ass, Ps,(t') - IS RS Sol P5 s(t)) . (6)

Differentiating and taking the Laplace transform, we get

3 2tS (s- S Ps(o) -( s(o) - I fkss, ") Ir,(s) - kSSPS(s)

S,-S

* OjSS[Ps,(a) - ls()

- [s s  R~so(a (s) - es(O)} (7)

Ik SS AS f 5 , 8 (3) + a S(0,3 - PS,(O)I ,(8)

all

where we have defined "diagonal" elements of the matrices k and 0 as

ks - -S4 kits , (9)
. SI ts
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ass s- s - Rs6So * (10)
S'OS

and PS(s) Is the Laplace transform of Ps(t).

For the previously studied case of three bound levels, we get

a A, -B 0

0 0 -R 
(ll

where,

A -a , (12)

B - 20 (0 +) * (13)

a a C'/2X , (14)

X a & D/2kBT , (15)

C' - e p x  (16)

p being a fitting parameter involved In the integration over the phonon density

of states,8 kB the Boltzmann constant, and T the temperature. The local rate GO

due to the phonon-adbond Interaction is obtained from as 5 ':

ass, " ao (1/12)1 - (Wss,/Iwss,I) * C,/X] 61ss,1 D  (17)

Inversion of the Laplace transform equation involves the solution of the

polynomial equation

q() adet 0 , (18)

where

a2. a 0- 2 A (19)

A being the unit matrix. Thus we need the roots of the polynomial equation

-(s 2 + As) Bs 0

As -(s2 + Bs + kO) k0 0 , (20)

0 k0 -(s 2 * Re * k0 )
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where k 0 a kss for the pair of levels resonant with the laser. Equation (20)

is a quartic for R A 0 and a cubic for R - 0. The roots can, in principle, be

obtained in closed form, but, because of their complicated nature, are of little

practical use in our analysis. We have instead adopted a numerical approach

whose details we shall omit. The resulting probability profiles are used to

define the desorption probability PD and average adbond energy as follows:

PD(t) - PT(O) - I PS(t) , (21)
S

E(t) - Is&S PS Mt  (22)

S

where ES is the enerLgy eiFenvalue corespondinF to IS>, end

PT(0) - I Ps(O) (23)
S

The value of PT(0) is slightly smaller than unity because the set of levels {SJ

used in the CME does not include all bound states of the effective adbond

potential.

The specific nature of the parameters A, B and k0 is of interest from an

analytic point of view. Their form can be derived, from exact expressions for

the memory kernels kss, presented in earlier work,$ by using the IA., Eq. (5). In

light of Eqs. (12)-(16), the parameters A, B and k0 involve 0 and kSS,, which

are given by

g0 a Ap Bp x2( W2UD) -ss' (for IwssI - -D) (24)

and

kss, Ar(Z s, )2 'IWSSWL (25)



where

A - SOO) /Y,)) 2  (26)

Bp a 6(0(0)kjT)2/M.3a (27)

(* / 2 21(I)gi)
S (-1) S'S ' (28)

- P(Z-(O)) 5 , 9()

A - (I 2/ c )2 A(0)2~ (30)
r 0O 0~

zSO- (Sizis'> .(31)

The quantities in Eqs. (26)-(31) involve the following:

DO (0: well depth and steepness parameters for an effective Morse

potential between the surface atoo and the adatom

K: atomic mass of the solid

Ra,U': take on the values 1 and 2

-7u : mean square displacement of the atoms of the solid from equilibrium.

z: position normal to the solid surface measured with respect to the equilibrium

position of the outer most lattice atom.

SO :location of the minimum of the effective Morse potential between the
0

surface atom and the adatom

1: laser intensity

e 0: charge difference between the adspecies and the surface

C 0: permittivity of free space.
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The strengths of the adbond-solid interaction and the laser-adbond

interaction are represented by 00 and ko, respectively. It has been demonstrated

that the two must be comparable in order for the system to manifest significant

synergistic, selective effects.

IV. Results and Discussion

With the inclusion of a unidirectional desorption channel, we expect the

total population of bound states to be depleted monotonically, i.e., PD(t) must

grow monotonically to a maximum possible value of PT( 0 ). Similarly, since

desorption is due to transfer of population from the high-lying level I> to the

continuum, the average adbond energy (t) might be expected to increase with

time. However, because of the competition between laser pumping, which

populates the level jI>, and desorption, which depletes it, the final behavior

of E(t) Is not as simple as that of PD(t). For vanishing R, 6(t) should have
8-10

the familiar nondesorptive profile. For values of R comparable to the

effective laser pumping rate (characterized by, but not equivalent to, kO ) the

behavior of 6(t) cannot be predicted on intuitive grounds. For the other

extreme, namely for laser pumping rates much smaller than the rate R,

the average adbond energy is expected to rise quickly as population is depleted

uniformly from the lower-lying levels and does not return to them. Eventually

the system should be completely desorbed and e(t) should become zero, implying

the complete absence of populated bound states.

Our results for the prototype system of references 11-13 bear out these

expectations. Figures 2 through 10 show the desorption probabilities PD(t) and

the associated average adbond energies (t) for laser powers ranging from

10 W/cm 2 to 109 W/cm2 and for desorption rates spanning five orders of

magnitude. Notice that the time scales over which the system exhibits

which ~ ~I th*xhbt
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significant dynamical effects Increase with decreasing laser power, as expected.

Significant dynamical changes take place more slowly for lower laser powers.

Both PD(t) and C(t) display a transitional dynamical state of the system for

a certain narrow range of desorption rates. For rates below this, the system is

relatively tranquil, with the laser causing almost no change in the adsorbed

system. The desorption probability changes imperceptibly over quite a large

time period, and E(t) oscillates about an eventual steady-state value. The

behavior of the system for R larger than this transitional range is radically

different and violent. The adbond energy S(t) and the desorption probability

PD(t) increase rapidly and monotonically to new equilibrium values, the rise

time decreasing rapidly with increasing R. The changes in behavior of the

system with I and R are quantified in Fig. 11, where regions of oscillatory (0),

nonoscillatory (N) and transitional (T) behavior are demarcated. For the range

of R studied, namely I06 ps " 9 R S 1 ps, both the cessation of slow

oscillatory behavior and the onset of fast sigmold behavior takes place at

higher laser powers for larger transition strengths R. While the actual

locations of the boundaries between the regions 0 and T and the regions T and N

(obtained by inspection from Figs. 2-10) are crude estimates, the width of

region T is uniform and the edges essentially linear. The trends depicted In

Fig. 11 are important from the point of view of selective laser photochemistry.

Thus, for a given value of R, laser powers in the region 0 will cause a very

slow accumulation of vibrational energy in the adbond, while laser powers In

regions T and N will excite the adbond very quickly and cause almost

instantaneous desorption.

The actual experimental situation is complicated by the fact that, in

general, there is a contribution to R due to the phonon field itself. The

strong interaction between the adbond and phonons would therefore dominate the
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desorptlon dynamics, and sampling a range of R to test for the two types of

behavior would be difficult. For the case of a bound state I> embedded In the

continuum, however, resonant excitation from I> to 1> using another laser

provides a practical means of varying R. A fairly sharp increase In the

desorption cross section as a function of laser intensity would be the signature

of the transition from a mostly bound to a mostly desorbed state. The whole

process is strongly bond-selective, and for the case of a variety of adsorbed

species, different pairs of lasers should cause different adapecies to desorb.

Also, for low-power operation with lasers whose frequencies do not match system

transitions, no sudden transition would be observed.

Purely thermal effects can be expected to dominate for the case of

signifcant departure from the two generic resonance conditions shown in Fig. 1.

These conditions are designed to highlight the mechanism responsible for

selective effects associated with laser-stimulated desorption. An additional

factor that exerts a strong influence on the dynamics of LSSP in general is the

rate of dissipation of vibrational energy from the Debye phonons to the rest of

the allowed phonon states. The resonance condition involving the Debye frequency

translates to an energy transfer rate between the adbond and the solid which is

much larger than the phonon dissipation rate, a factor of central importance for

the results of the model presented here. The implied 'localization' of

vibrational energy in a thin slice of the phonon density of states is the k-space

analog of spatial localization of energy, but with additional many-body effects

exhibited as oscillations of E(t). Thus, for example, if the phonon energy

dissipation rate is comparable to or greater than the laser pumping rate, the

'feed' level 13> for desorption will not be sufficiently populated to exhibit the

large increase in average adbond energy due to selective resonant excitation. On

the other hand, if the phonon energy dissipation rate is comparable to or greater

than the energy transfer rate between the adbond and the Debye phonons, the
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feedback effects represented by the oscillations of £(t) would not be evident on

the time scales of Figs. 2-7. The occupation of Debye phonons would not get

sufficiently large for the back transfer of vibrational energy from the solid to

the adbond to be significant. However, within the framework of the assumed

resonance conditions, the many-body effects lead to the very interesting

phenomena described earlier. Experimentally, the sharpness of the resonances

vill, of course, determine if the selective effects are observable directly, or

if they vill be obscured by nonresonant thermal effects. It would be interesting

to investigate the possibility of separating the selective and the nonselective

effects in the experimental results. Knowledge of the behavior of PD or E as a

function of R for a fixed time (perhaps an asymptotic limit) due to purely

thermal effects is necessary for such a separation.

The GME for the desorptive case, Eq. (6), suggests a similarity between the

treatment of the phonon-adbond interaction, i.e., a delta function limit for

X(),(t), and that of the desorptive term. While there are two continuua

present - the phonon distribution on the one hand and the desorption states on

the other - It is not clear that the two can lead to similar memory effects. If

the Io>-to-continuum transition is Primarily to a very smll slice, It may be

necessary to treat this channel analogously to the laser-adbond Interaction,

namely with an 1somnesic kernel. A detailed treatment with well-defined

excitation mechanisms is necessary for a better understanding of the role of the

desorptlon channel.
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Figure Cptions

Fig. 1. Choice of bound vibrational states of the effective potential V off(Z)

between an adatom and a solid.

Fig. 2. (A) Average adbond energy (t) and (B) Desorption probability PM(t) of

the system in Fig. I for a rang* of values of the transition strength R

and laser power 1 10 V/cm2 .

Ig. 3. As in Fig. 2 for 1- 102 W/C4 2 .

Fig. 3. As in Fig. 2 for 1 103 V/c 2 .

rig. S. A in Fig. 2 for 1 ,o4 V/c2.

rig. 6. As In ig. 2 for 1 105 ¥1c8 2 .

Fig. 7. As In Fig. 2 for 1 - 106 V/c 2 .

fig. 6. As in Fig. 2 for 1 107 V/cM2e

rig. 9. As in Fig. 2 for 1 * 106 V/c2.

fig. 10. As in Fig. 2 for 1 = 109 V/cm2 .

Fig. 11 Regions of oscillatory (0). and nonoacillatory (N) behavior of the

system of Fig. I for 10- 6 pa "1 S R S 1 pa "1 and

10 V/cm S 1 S 109 V/c 2 and the transitional region (T) between the

two.



jAnIFM WI



06 6.

-e2g

-ot

06 0.-a

too*

5-. 
gof

3A ap

NOn sfIbdm4su o 1. nI .m t t

setJo

'ptit*@



06.
49

S%

w ow" 5P .f- a wna

*t i

0.:

- ~0. **

7 A



440

as Om 0 6r 0s IW ft" -d 0.. Pa. 0 M" 8

0.

-S16

I'-6

.5.

-166

'-V Kob



16 IOW.
baq

43m

Ud/ o



0L/1113/86/2

TECHNICAL REPORT DISTRIBUTION LIST, GEM

NO. No.
Copies Copies

Office of Naval Research 2 Dr. David Young 1
Attn: Code 1113 Code 334
BOO N. Quincy Street NORDA
Arlington, Virginia 22217-S000 NSTL, Mississippi 39529

Dr. Bernard Ouda 1 Naval Weapons Center 1
Naval Weapons Support Center Attn: Dr. Ron Atkins
Code SOC Chemistry Division
Crane, Indiana 47522-5050 China Lake, California 93555

Scientific Advisor 1
Naval Civil Engineering Laboratory 1 Commandant of the Marine Corps
Attn: Dr. R. W. Drisko, Code L52 Code RD-i
Port Huenem, California 93401 Washington, D.C. 20380

U.S. Amy Research Office
Defense Technical Information Certer 12 Attn: CRD-AA-IP
Building 5, Caveron Station high P.O. Box 12211
Alexandria, Virginia 22314 quality Research Triangle Park, NC 27709

Mr. John Boyle
OTNSROC 1 Materials 8ranch
Attn: Dr. H. Singerman Naval Ship Engineering Center
Applied Chemistry Division Philadelphia, Pennsylvania 19112Annapolis, Maryland 21401 Naval Ocean Systems Center 1
Dr. William Tolles 1 Attn: Dr. S. Yamamoto
Superintendent Marine Sciences Division
Chemistry Division, Code 6100 San Diego, California 91232
Naval Research Laboratory
Washington, D.C. 20375-S000 Dr. David L. Nelson 1

Chemistry Division
Office of Naval Research
800 North Qui ncy Street
Arlington, Virginia 22217



CL/1113/86/2

ABSTRACTS DISTRIBUTION LIST, 056/625/629

Dr. J. E. Jensen Dr. C. 8. Harris
Hughes Research Laboratory Department of Chemistry
3011 Malibu Canyon Road University of California
Malibu, California 90265 Berkeley, California 94720

Dr. J. H. Weaver
Department of Chemical Engineering Dr. F. Kutzler

and Materials Science Department of Chemistry
University of Minnesota Box 5055
Minneapolis, Minnesota 55455 Tennessee Technological University

Cookesville, Tennessee 38501
Dr. A. Reisman
Microelectronics Center of North Carolina Dr. D. DiLella
Research Triangle Park, North Carolina Chemistry Department

27709 George Washington University
Washington D.C. 20052

Dr. M. Grunze
Laboratory for Surface Science and Dr. R. Reeves

Technology Chemistry Department
University of Maine Renssaeler Polytechnic Institute
Orono, Maine 04469 Troy, New York 12181

Dr. J. Butler Dr. Steven M. George
Naval Research Laboratory Stanford University
Code 6115 Department of Chemistry
Washington D.C. 20375-5000 Stanford, CA 94305

Dr. L. Interante Dr. Mark Johnson
Chemistry Department Yale University
Rensselaer Polytechnic Institute Department of Chemistry
Troy, New York 12181 New Haven, CT 06511-8118

Dr. Irvin Heard Dr. W. Knauer
Chemistry and Physics Department Hughes Research Laboratory
Lincoln University 3011 Malibu Canyon Road
Lincoln University, Pennsylvania 19352 Malibu, California 90265

Dr. K.J. Klaubunde
Department of Chemistry
Kansas State University
Manhattan, Kansas 66506

6



0L/1113/86/2

ABSTRACTS DISTRIBUTION LIST. 056/625/629

Or. G. A. Somorjat Dr. R. L. Park
Department of Chemistry Director, Center of Materials
University of California Research
Berkeley, California 94720 University of Maryland

College Park, Maryland 20742
Dr. J. Murday
Naval Research Laboratory Dr. W. T. Peria
Code 6170 Electrical Engineering Department
Washington, D.C. 20375-5000 University of Minnesota

Minneapolis, Minnesota 55455
Dr. J. B. Hudson
Materials Division Dr. Keith H. Johnson
Rensselaer Polytechnic Institute Department of Metallurgy and
Troy, Mew York 12181 Materials Science

Massachusetts Institute of Technology
Dr. Theodore E. Madey Cambridge, Massachusetts 02139
Surface Chemistry Section
Department of Conmerce Dr. S. Sibener
National Bureau of Standards Department of Chemistry
Washington, D.C. 20234 Janes Franck Institute

5640 Ellis Avenue
Dr. J. E. Demuth Chicago, Illinois 60637
IBM Corporation
Thomas J. Watson Research Center Dr. Arnold Green
P.O. Box 218 Quantum Surface Dynamics Branch
Yorktown Heights, New York 10598 Code 3817

Naval Weapons Cmter
Dr. N. G. Lagally China Lake, California 93555
Department of Metallurgical

and Mining Engineering Dr. A. Wold
University of Wisconsin Department of Chemistry
Madison, Wisconsin 53706 Brown University

Providence, Rhode Island 02912
Dr. R. P. Van Duyne
Chemistry Department Dr. S. L. Bernasek
Northwestern University Department of Chemistry
Evanston, Illinois 60637 Princeton University

Princeton, New Jersey 08544
Dr. J. M. White
Department of Chemistry Dr. W. Kohn
University of Texas Department of Physics
Austin, Texas 78712 University of California, San Diego

La Jolla, California 92037
Dr. 0. E. Harrison
Department of Physics
Naval Postgraduate School
Monterey, California 93940

7



L/1 113/86/2

ABSTRACTS DISTRIBUTION LIST, 056/625/629

Dr. F. Carter Or. John T. Yates
Code 6170 Department of Chemistry
Naval Research Laboratory University of Pittsburgh
Washington, D.C. 20375-5000 Pittsburgh, Pennsylvania 15260

Dr. Richard Colton Dr. Richard Greene
Code 6170 Code 5230
Naval Research Laboratory Naval Research Laboratory
Washington, D.C. 20375-5000 Washington, D.C. 20375-5000

Dr. Dan Pierce Dr. L. Kesmodel
National Bureau of Standards Department of Physics
Optical Physics Division Irdiana University
Washington, D.C. 20234 Bloomington, Indiana 47403

Dr. K. C. Janda
Dr. R. Stanley Williams University of Pittsburg
Department of Chemistry Chemistry Building
University of California Pittsburg, PA 15260
Los Angeles, California 90024

Dr. E. A. Irene
Dr. R. P. Messmer Department of Chemistry
Materials Characterization Lab. University of North Carolina
General Electric Company Chapel Hill, North Carolina 27514
Schenectady, Nay York 22217

Or. Adam Heller
Dr. Robert Gomer Bell Laboratories
Department of Chemistry Murray Hill, New Jersey 07974
James Franck Institute
5640 Ellis Avenue Dr. Martin Fleischmann
Chicago, Illinois 60637 Department of Chemistry

Iniversity of Southampton
Dr. Ronald Lee Southampton 509 SNH
R301 UNITED KINGDOM
Naval Surface Weapons Center
White Oak Dr. H. Tachikawa
Silver Spring, Maryland 20910 Chemistry Department

Jackson State. University
Dr. Paul Schoen Jackson, Mississippi 39217
Code 6190
Naval Research Laboratory Dr. John W. Wilkins
Washington, D.C. 2037S-5000 Cornell University

Laboratory of Atomic and
Solid State Physics

Ithaca, Nev York 14853

8



DL/1113/86/2

ABSTRACTS DISTRIBUTION LIST, 056/625/629

Dr. R. G. Wallis Dr. J. T. Keiser
Department of Physics Department of Chemistry
University of California University of Richmond
Irvine, California 92664 Richmond, Virginia 23173

Dr. 0. Ramaker Dr. R. W. Plummer
Chemistry Department Department of Physics
George Washington University University of Pennsylvania
Washington, D.C. 20052 Philadelphia, Pennsylvania 19104

Dr. J. C. Hemminger D Dr. E. Yeager
Chemistry Department Department of Chemistry
University of California Case Western Reserve University
Irvine, California 92717 Cleveland, Ohio 41106

Dr. T. F. George Dr. N. Winograd
Chemistry Depart Department of Chemistry
University o hester Pennsylvania State University
Roches , ew York 14627 University Park, Pennsylvania 16802

r. G. Rubloff Dr. Roald Hoffmann
IBM Department of Chemistry
Thomas J. Watson Research Center Cornell University
P.O. Box 218 Ithaca, New York 14853
Yorktown Heights, Nem York 10598

Dr. A. Steck1
Dr. Hora Metiu Department of Electrical and
Chemistry Department Systems Engineering
University of California Rensselaer Polytechnic Institute
Santa Barbara, California 93106 Troy, NewYork 12181

Dr. W. Goddard Dr. G.H. Morrison
Department of Chemistry and Chemical Department of Chemistry

Engineering Cornell University
California Institute of Technology Ithaca, Nei York 14853
Pasadena, California 91125

Dr. P. Hansma
Department of Physics
University of California
Santa Barbara, California 93106

Dr. J. Baldeschwleler
Department of Chemistry and

Chemical Engineering
California Institute of Technology
Pasadena, California 91125

m9



(


